Hepatitis B virus (HBV) and hepatitis C virus (HCV) coinfection is a complex clinical entity that has an estimated worldwide prevalence of 1-15%. Most clinical studies have shown that progression of disease is faster in HBV-HCV coinfected patients compared to those with monoinfection. Hepatocellular carcinoma development appears to have higher rate in coinfections. Viral replication in coinfected cells is characterized by a dominance of HCV over HBV replication. There are no established guidelines for treatment of HBV-HCV coinfection. Studies on interferon-based therapies and direct-acting antivirals have shown varying levels of efficacy. Clinical reports have indicated that treatment of HCV without suppression of HBV increases the risk for HBV reactivation. In this review, we appraise studies on both direct-acting antivirals and interferon-based therapies to evaluate the efficacy and rates of reactivation with each regimen. Screening for and prevention of coinfection are important to prevent serious HBV reactivations. Citation of this article: Mavilia MG, Wu GY. HBV-HCV coinfection: viral interactions, management, and viral reactivation.
Introduction
Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are among the leading causes of chronic liver disease worldwide. According to the World Health Organization, over 250 million people are currently infected with HBV and more than 70 million with HCV. 1 While HBV and HCV share preference of replication in hepatocytes, their life cycles are completely different. HBV is a DNA virus that replicates in the nucleus, while HCV is an RNA virus that replicates exclusively in the cytoplasm of hepatocytes. However, they both have RNA replicative intermediates and theoretically can interact in coinfected cells, leading to varying viral expression and serologic patterns.
HBV-HCV coinfection is more complex than monoinfection with HBV or HCV alone. Coinfection is defined as the presence of two or more replicating organisms in the same host. Coinfection with HBV and HCV can occur in two ways. Because HBV and HCV have some modes of transmission in common, namely intravenous drug use, blood transfusion and vertical transmission, viruses can be cotransmitted simultaneously. 2 However, HCV-HBV coinfection may also occur by superinfection, meaning one virus is acquired in a patient with preexisting chronic infection by the other virus. Superinfection is the most common mechanism of developing coinfection, and HCV superinfection is seen more commonly than HBV superinfection. [2] [3] [4] In clinical settings, one virus is typically dominant over the other. Dominance occurs when there is reciprocal inhibition of one viral genome by the other virus when both HBV and HCV are present in the same cell. 5 The dominant virus replicates more actively and suppresses replication of the non-dominant virus. Codominance refers to near equal replication of both HBV and HCV.
Viral serologies vary depending on whether the coinfection is simultaneous or superinfection. HCV infection is almost always overt, meaning anti-HCV and HCV RNA can be detected in the serum. In contrast, HBV infection may be overt or occult. In occult HBV infection, hepatitis B surface antigen and HBV DNA are not present in serum but HBV DNA is detectable in the liver.
Coinfection can result in acute fulminant hepatitis, development of chronic hepatitis, or spontaneous clearance of one or both viruses. 2, 3 In the coinfected patient, viral interaction has implications for disease severity, clinical manifestations, and management. The aim of this review is to discuss the differences between monoinfection and coinfection with HBV and HCV, and to review virus interactions and their impact on outcomes.
Yang et al. 10 developed a novel human hepatoma cell line that supports replication of both HBV and HCV. They were able to show near equal replication of HCV RNA and HBV DNA within coinfected cells, as measured by PCR. 10 Furthermore, the magnitude of replication was the same in coinfected cells for each virus as for the respective monoinfected cells. They concluded that there is no direct interference between viral replication. 10 This cell line was developed from a hepatoma removed from a male with chronic HCV infection. Although the cells were recultured in vitro and in mice prior to inoculation with both HCV and HBV, it is unclear if the prior host HCV infection had any impact on the viral interaction in the coinfected cells.
Another study used the Huh-7 cell line to model viral interactions in coinfection. 11 It was demonstrated that both viruses were able to replicate within the same hepatocyte using immunofluorescence analysis. Using an RNA polymerase inhibitor to stop HCV replication, no effect on HBV replication was observed. 11 Similarly, induction of HBV replication in cells with tetracycline-controlled HBV failed to suppress HCV replication. 11 It was concluded that the viral replication cycles were independent of each other in this model. 11 Given the lack of viral interaction demonstrated by these in vitro studies, it has been postulated that any interactions seen clinically are more likely related to host immune responses. 11 The latter study used modified viral preparations, which were selectively inducible to manipulate conditions. It is unclear if the viral responses observed as a result of this experimental method are applicable to spontaneously occurring HBV and HCV.
Other in vitro studies have shown that the HCV core or nonstructural 5A proteins may impact HBV replication. However, there are conflicting data, with evidence of both suppression and enhancement of HBV replication by HCV proteins.
12-14 Eyre et al. 13 examined the role of HCV core protein on HBV replication in coinfected Huh-7 cells. They demonstrated direct physical interaction of HCV core protein with HBV structural proteins through co-localization by confocal microscopy. 13 Furthermore, they found that HBV replication was unchanged or slightly enhanced by the presence of HCV core protein as indicated by increased HBV DNA release in coinfected cells. 13 These results were limited by the study's inclusion of only HCV genotype 2a and HBV genotype A.
Viral interaction between various combinations of genotypes may differ from the trends observed above. Pan et al. 12 showed similar results with enhancement of HBV DNA production in the presence of HCV nonstructural 5A protein. However, this study did not specify the viral genotypes used, and the host cell culture system was derived from a hepatocellular carcinoma (HCC) cell line. Conversely, a study by Schuttler et al.
14 revealed a definitive 3-to 11-fold inhibition of the HBV enhancer regions by HCV core protein. This study examined multiple viral genotypes (accounting for the quantitative range in suppression) as well a multiple cell lines, making these results more convincing.
The in vitro results were not reproducible in animal models. One study demonstrated suppression of HBV replication in coinfected chimpanzees. 9 This was found to be related to HCV-enhanced expression of alpha-beta interferon in liver cells, which played an inhibitory role on HBV replication. In this study, the chimpanzees were chronic HCV carriers superinfected with HBV. The authors attempted to apply the viral interaction observed here to all coinfected subjects without control studies on superinfection of HCV superinfection of chronic HBV carriers. Therefore, it is unclear if this interaction was related to the sequence of the infections.
Unlike in vitro data, clinical studies of human subjects have demonstrated viral interference in coinfected individuals. Most commonly, HBV replication is suppressed by HCV. 4, 5 The exact mechanism of this interaction is not well understood, although several mechanisms have been proposed. In one theory, there is competition for the host hepatocyte machinery for replication. 7 While this may play some role, it does not explain why HCV typically "wins" this competition. A number of studies have suggested that HBV suppression is mediated by HCV core protein. 4, [15] [16] [17] Normally, HBV replication begins with binding of HBV polymerase to the signal region of covalently closed circular DNA. 18 In coinfection, the HCV core protein was found to complex with HBV polymerase and impede its function. 15, 18 An in vitro study demonstrated that the phosphorylation of HCV core protein by protein kinases A and C enabled the suppressive activity. 17 Influence from micro (mi)RNA represents another possible mechanism for the facilitation of HCV dominance. MiRNAs are short sequences of RNA that mediate cellular activities. MiRNA 122 is a liver-specific miRNA that has been shown to suppress HBV replication. 18, 19 Chen et al. 18 demonstrated an inverse relationship between HBV replication and amount of miRNA 122. The authors theorized that miRNA 122 directly binds the target sequences of mRNA, preventing transcription. 18 Many studies propose an immune-related regulation in coinfection. HCV infection activates interferon production within the hepatocytes. 4 Interferon then exerts its antiviral effects on HBV.
5 Fig. 1 depicts how these proposed mechanisms interrupt HBV replication.
Serologic profiles
There are four serologic profiles seen in coinfection: codominant, HCV dominant, HBV dominant, and neither replicative. The serologies for each are listed in Table 1 . The serologic profiles can evolve over time.
In HCV dominant coinfection, HCV actively replicates and suppresses HBV replication. A portion of HCV dominant cases may have occult HBV infection. As previously described, serum antibodies (anti-HBV surface protein and anti-HBV core protein) are typically positive in occult HBV infection. However, 20% of cases are negative for all serum markers. 20 Due to this diagnostic limitation, occult HBV infection is often missed, but has been estimated to occur in up to 50% of high risk individuals with chronic HCV. 4, 21 HBV dominant coinfection is less common, characterized by little to no HCV replication and active HBV replication. HBV is more likely to be the dominant virus following HBV superinfection. 4 Rarely, neither virus is actively replicating characterized by positive serologies but negative PCR results. This state may change over time, transforming into active infections. A longitudinal study by Weigand et al. 22 followed serologies of 85 coinfected patients over a 10-year period. They found the frequency of each serologic pattern to be 18% codominant, 47% HCV dominant, 14% HBV dominant, and 21% neither replicative. 22 This data clearly shows that HCV dominance is most common and is consistent with the trend toward HBV suppression as discussed above. However, the nonreplicative group seems to account for a significant fraction. This study may have been limited by a lack of control of antiviral therapy prior to enrollment.
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Another longitudinal study by Raimondo et al. 23 found similar frequencies for each serologic pattern, with 23% codominant, 48% HCV dominant, 14% HBV dominant, and 15% neither replicative. This study tracked the serologies every 2 months over a 1-year period, finding significant fluctuations in level of viremia and viral dominance pattern in 31% of cases. 23 The long-term variation, beyond 1 year, was not followed in this study. The authors did not discuss the clinical impact of these fluctuations. Unlike this study, Weigand et al. 22 in the study above, did not follow serologies over timed intervals. Therefore, the fluctuations over a long time course cannot be compared.
Although coinfection is characterized by the presence of viral nucleic acid of both viruses in serum, it has been shown that not all hepatocytes are infected by both viruses in coinfected individuals. Rodriguez-Inigo et al. 24 evaluated liver biopsy specimens in six patients with chronic HCV and occult HBV infection. It was found that 12% of cells were infected with HBV only, 42% were infected with HCV only, and almost half, or 46%, were coinfected with both viruses. 24 While these results are interesting, the general applicability of the conclusions are limited by the small sample size, and the inclusion of coinfected individuals with only occult HBV infection.
Coinfection versus monoinfection
Coinfection may result in lower levels of viremia and circulating antigens of one or both viruses compared to monoinfection. An observational study comparing coinfection and monoinfection showed that HCV RNA levels were lower in coinfected patients than in HCV monoinfected patients, with average levels 415,000 IU/mL and 750,000 IU/mL respectively. 8 Similarly, coinfected patients had decreased HBV DNA levels compared to their monoinfected counterparts (143 IU/mL vs. 850,000 IU/mL). 8 Another 10-year longitudinal study observed that increased HCV RNA over time was correlated with decreasing levels of hepatitis B surface antigen. 22 Additionally, increased rates of spontaneous viral clearance were seen in coinfection compared to monoinfection. Xiong et al. 25 presented a large study of 1,918 patients followed over 6 months to evaluate for factors associated with HCV clearance. The pooled rate of clearance was 46.4% in coinfection and 14.4% in monoinfection. Of note, spontaneous clearance of HCV was associated with higher levels of HBV DNA. 25 Although this was a large study, it enrolled only intravenous drug users and blood donors. These specific groups introduce some selection bias as well as possible issues with compliance and follow up. This was a longitudinal study, but only provided 6 months of follow up. In order to better assess clearance, a longer follow up period would have been useful. Similar trends were seen in spontaneous clearance of HBV in coinfected patients. Sheen et al. 5, 26 conducted a 6 year follow up study showing the incidence of hepatitis B surface antigen clearance to be 2.5 times greater in coinfection. The seroclearance rate was 2% per year. 16, 26 This was a small study (n = 54). However, participants in the coinfected and monoinfected groups were well matched for multiple confounding factors.
Effects of coinfection on severity of liver disease
Higher rates of cirrhosis and increased severity of liver disease have been reported with coinfection compared to both HBV monoinfection and HCV monoinfection. 4, 8, 27, 28 Some studies estimated the risk of advanced liver disease to be increased 2-to 3-fold in coinfection, 29 while others reported no difference in disease severity. Table 2 lists nine representative studies comparing liver disease severity in coinfection compared to monoinfection. 3, 8, 20, 28, [30] [31] [32] [33] Six out of the nine studies showed higher rates of advanced liver disease in the coinfected group. For instance, a multicenter prospective study done in France comparing exposure matched pairs with HBV and HCV monoinfection relative to coinfection found that severe fibrosis, measured by FibroScan, was more common in coinfection (58% vs. 32%). 3 They also found that decompensated cirrhosis was more common in coinfection (11% vs. 2-4%). 3 This was a well-designed, large study which controlled for concomitant HIV infection, but did not control for variables associated with development of cirrhosis, such as fatty liver, alcohol use, medications, etc. Yang et al. reported similar results in a longitudinal cohort study comparing coinfected patients to 
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HBV monoinfected patients only. This study recruited noncirrhotic patients and monitored them for the development of cirrhosis. They also used propensity matching to control for some of the variables that the previously mentioned study did not. Two of the nine studies in Table 2 showed contrasting results. 8, 20 Marot et al. 8 and Cardoso et al. 20 showed some subtle differences, but there were no statistically significant differences in disease severity with coinfection. Marot et al. 8 conducted a study of 23 coinfected patients with matched controls for both HBV and HCV monoinfection, and found a higher rate of fibrosis/cirrhosis in coinfected individuals (19%) compared to HBV monoinfection (14%), but a lower rate compared to HCV monoinfected patients (29%). By defining coinfection as presence of hepatitis B surface antigen and HCV RNA, the authors excluded occult HBV infection in this study. However, the study was underpowered to evaluate for risk of cirrhosis. Similarly, Cardoso et al. 20 analyzed liver biopsy samples from coinfected and HCV monoinfected patients and found higher rates of inflammation in coinfection group but higher rates of fibrosis in the HCV monoinfected group. Unlike the prior study, this study did include occult HBV infection in the coinfection group. 20 There are differences among studies in Table 2 with regard to the metric of liver disease severity, ranging from presence of cirrhosis, FibroScan score, histologic findings or presence of hepatic decompensation. They also varied in sample size and inclusion criteria. Despite these differences, there was a consistent trend toward more advanced disease in coinfection. Because most of these studies were observational, the data demonstrated an association between coinfection and more severe liver disease, not necessarily a causal relationship.
Although the consensus in the literature seems to point towards increased severity of liver disease in coinfected patients, a small 10-year longitudinal study showed no mortality difference for coinfection compared to HBV monoinfection. 30 The mortality rate in that study was 39.6% in the HBV monoinfected group versus 31.6% in the coinfected group. 30 That study also only included hemodialysis patients, who have a high overall mortality due to their renal and cardiovascular comorbidities and, therefore, may not be a representative sample.
In contrast, a large retrospective study by Liu et al. 29 compared outcomes of coinfection compared to HCV monoinfection after treatment with PegIFN/ribavirin. Higher all-cause This may reflect the increased severity of liver disease in coinfection or it may be related to increased complications of treatment in coinfection, as rates of HBV reactivation were not addressed in that manuscript. More comprehensive data is needed to identify a mortality difference in this population.
Coinfection in the pediatric population
While the aforementioned studies refer to coinfected adults, similar trends towards more severe liver disease exist in coinfected children. One study of chronic hepatitis in children ages 5-17, including 10 children with coinfection, demonstrated a greater degree of necroinflammation in the coinfected group. 34 There was a more significant difference when compared to HCV monoinfected children versus HBV monoinfection. While this information is useful for understanding the natural history and progression of liver disease in coinfected children, it is difficult to interpret with regard to implications for treatment. The USA Federal Drug Administration recently approved use of direct-acting antivirals (DAAs) (specifically ledipasvir/sofosbuvir and sofosbuvir/ribavirin) for HCV in children aged 12-17, but these agents are not approved for use in younger children. 35 The increased severity in coinfected children highlights a potential benefit for expansion of DAA use. However, given the current guidelines for treatment, children under 12 years of age should be studied separately from those ages 12-17 since the impact on treatment is different.
Similar to HCV treatments, approved agents for treatment of HBV are also more limited in children and vary by age. Pegylated-interferon (PegIFN) is approved for use over 12 months of age, lamivudine and entecavir is approved for ages 2 and older, and adefovir and tenofovir are used in children greater than 12 years. 36 The above agents for both HCV and HBV can presumably be used to treat coinfection in children. However, there are no specific recommendations regarding treatment of coinfected children.
Effects of coinfection on development of HCC
Coinfection may be associated with increased incidence of HCC. However, like an association with liver disease severity, this is also a controversial topic. Table 3 lists seven representative studies, which addressed the frequency of HCC in coinfection and monoinfection. 28, 32, [34] [35] [36] [37] [38] The majority showed a higher percentage of HCC development in coinfected individuals.
In an Italian study, the incidence of HCC was 6.4% per year in coinfected patients, 2.0% in HBV monoinfection, and 3.7% in HCV monoinfection. 4, 5, 38 The 10-year cumulative rate of HCC development was 45%, 16% and 28% respectively. 4, 5, 38 This study used an adequate follow up period of 5 years as the average time to development of HCC in cirrhotics, which has been estimated to be about 3 years. 42 They only included Child-Pugh class A cirrhotics. Given this restriction, the results may be less generalizable to higher grade cirrhosis. Bevegnu et al. 41 showed a similar trend with HCC developing in 36% of coinfected individuals, 6% of HCV monoinfected and 11% of HBV monoinfectioned. Unlike the prior mentioned study, all Child-Pugh class cirrhotics were included. This study also stratified results for various risk factors, including alcohol use, to minimize confounders. Oh et al. 37 had similar results in a study of greater than 6,000 Koreans, where the hazard ratio for developing HCC was 115 in coinfection, 17 in HBV monoinfection and 10.4 in HCV monoinfection. These three studies achieved similar results, despite their regional difference (Italy versus Korea) in viral endemicity and support a causal relationship between coinfection and risk of HCC.
The exact mechanism for which dual infection increases risk for HCC is unknown. However, it has been postulated that the increased severity of liver disease, specifically increased inflammation, increases the oncogenicity. There may also be some carcinogenic synergy between the two viruses. 4 Kuper et al. 43 reported data that do not support an additive effect of coinfection on development on HCC. Of note, this study is not listed in Table 3 as it only reported odds ratios without absolute percentages. They reported odds ratios of 46.2, 53.4, and 32.3 for dual infection, HBV alone, and HCV alone, respectively. 43 This suggests that HBV may have more oncogenic effect compared to HCV alone, and coinfected patients are at higher risk that HCV monoinfected patients. This raises the possibility of a protective effect in dual infection, where the HCV suppression of HBV replication may decrease the risk of HCC development if HBV is the main driver of HCC. Data from Chang et al. 40 also support the hypothesis that HBV has greater impact on HCC development. In their study, incidence of HCC was 30.4% in coinfection with overt HBV replication compared to 13.9% in coinfection with occult HBV infection. 40 Assuming HCV replication was relatively constant between these groups, it is Benvegnu et al.
41
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Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus.
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Journal of Clinical and Translational Hepatology 2018 vol. 6 | 296-305 possible that the increased HBV replication in the overt HBV group led to the higher rate of HCC. Shatori et al. 37 also dispute an increased risk of HCC with coinfection. They suggested that viral replication was "mutually exclusive", and therefore, coinfection plays no role in HCC development. 44 They reported a lower rate of HCC in coinfection at 2% compared to 10% in HBV monoinfection, 83% in HCV monoinfection and 5% in HBV/HCV negative patients. 44 Because this study recruited only patients with HCC and then stratified them based on viral serology, these percentages likely reflect the prevalence of viral infection in this population. However, because coinfection is overall less common than HBV or HCV monoinfection, it is also relatively less frequent in patients with HCC. The design of this study did not allow for evaluation of the effect of coinfection compared to monoinfection on the development of HCC. Due to this fundamental flaw in study design, these data were also not included in Table 3 .
Management of coinfection
The potential for worsening liver disease and HCC in coinfected patients emphasizes the importance of treatment. The general approach to treatment is to first identify the dominant virus, treat that virus as a monoinfection and then monitor for reactivation of the other virus. Fig. 2 provides an algorithmic approach to treatment in coinfection. Close monitoring for reactivation is required. 5 The liver profile should be monitored regularly. If elevated transaminases are detected, HBV DNA should be monitored. 42 There is no specific recommendation for frequency of monitoring during or after treatment.
HBV alone is typically treated with a nucleo(s)tide analog (such as lamivudine, entacavir, or tenofovir) and/or PegIFN. 42 HCV monoinfection is treated primarily with DAAs, although in the past PegIFN plus ribavirin has been shown to be effective.
PegIFN-based therapy has some antiviral activity against both HBV and HCV. It is 35% effective in HBV and 50-60% effective in HCV when combined with ribavirin. 16 In contrast, DAAs are effective for HCV with sustained virological response exceeding 90%, but have no effect on HBV. Unlike monoinfection, there are no clear treatment guidelines for HBV-HCV coinfection.
According to the European Association for the Study of the Liver, there is no difference in rate of HCV sustained virological response among coinfected and HCV monoinfected individuals. 5 Supporting this are data from a prospective study comparing PegIFN and ribavirin treatment in coinfection and HCV monoinfection. 46 The researchers found the sustained virological response rates to be 77.6% and 78.8%, respectively. This study also showed that 25% of coinfected patients also had sustained seroclearance of hepatitis B surface antigen following treatment. Liu et al. 47 demonstrated similar results with HCV sustained virological response among coinfected (72.2%) versus HCV monoinfected (77.3%) after PegIFN/ ribavirin therapy. Only 11.2% of the coinfected patients showed hepatitis B surface antigen clearance, which is significantly less than the prior study. 47 Based on the described methods in each study, it is unclear why this difference was seen as the studies were of similar size, in the same region and time period, using the same inclusion criteria and treatment regimen. Overall, both of these studies confirmed that PegIFN/ ribavirin is equally effective for treatment of HCV and marginally effective for treatment of HBV in coinfected individuals.
A small multicenter study of nine hepatitis B e antigenpositive coinfected patients treated with PegIFN and ribavirin showed 78% of HCV SVR maintained over 3 year follow up. 48 In a subgroup of five patients, lamivudine was added at week 12 of treatment. In the subgroup, 60% achieved hepatitis B e antigen seroconversion, whereas none of the PegIFN/ribavirin treated patients seroconverted. 48 This study shows fair Journal of Clinical and Translational Hepatology 2018 vol. 6 | 296-305 301 efficacy of the combination treatment regimen. However, the results may not be generalizable due to its very small sample size and inclusion of only hepatitis B e antigen-positive individuals. The majority of coinfected patients were hepatitis B e antigen-negative. It is unclear how these regimens would perform in hepatitis B e antigen-negative patients. A similar study evaluating interferon and lamivudine in eight coinfected individuals found the efficacy to be worse, with HCV SVR of 50% and suppression of HBV DNA in only 38%, which was nonsustained. 49 Like the above study, all participants were hepatitis B e antigen-positive. The treatment regimen was slightly different with interferon and lamivudine initiated concurrently in this study.
More recently, DAAs have also been explored in the treatment of coinfection. Calvaruso et al. 50 showed good results with DAA treatment. This Italian retrospective study demonstrated an HCV sustained virological response of 94.2% among 45 coinfected individuals, although 6 individuals showed evidence of HBV reactivation requiring subsequent treatment with nucleoside analogs. 50 This study included all HCV genotypes. However, it also included various DAA regimens based on genotype. Therefore, inferences are limited to DAAs as a class rather than specific medications or regimens.
A similarly designed retrospective study done in the USA showed a significantly lower HCV sustained virological response of 76.7% following DAA treatment. 51 Like the Italian study above, this also used a variety of DAAs. The difference in response to DAA treatment may be related to distribution of genotypes and treatment regimens, regional differences, or rates of cirrhosis among participants. Anti-HCV treatment may improve outcomes in coinfection. All-cause mortality was decreased in PegIFN/ribavirin treated versus nontreated groups (7.4 vs. 19.6%), as was liver-related mortality (5.0 vs. 11.9%). 29 Treatment also decreased risk of developing HCC by 34%. 29 Within the data, the potential for HBV reactivation was not addressed. It is possible that the increased mortality associated with reactivation may negate some or all of the improved mortality seen in treatment groups. HCV sustained virological response rates for PegIFN and DAA regimens from representative studies are listed in Table 4 . The efficacy of PegIFN regimens is lower compared to DAAs for treatment of HCV in coinfection. However, their combined effect on dual infection is unimpressive when compared to risks of treatment. Overall, better treatment options are needed for this special population.
Due to the increased risk and complexity of management in coinfection, prevention is exceedingly important. Patients with HCV monoinfection should be vaccinated against HBV to prevent superinfection. However, it is important to note that HBV immunization may be less effective in patients with chronic liver disease, such HCV infection. Roni et al. 52 studied the efficacy of HBV vaccination in various populations and found that only 60% of cirrhotic patients responded to vaccination. Specifically, those with HCV infection had a 76% response rate, while 12% of patients were nonresponders, and another 12% were partial responders. 52 
HBV reactivation as a consequence of treatment
The approach to treating coinfection is more complex that treating each viral infection separately. Because of virallymediated inhibition by a dominant virus, its suppression can lead to reactivation of the nondominant virus. As mentioned above, most often HCV is dominant, suppressing HBV replication. As HCV is treated, its inhibitory effects on HBV replication can be released resulting in possible HBV reactivation. 5 Some studies have suggested that with clearance of HCV, there is increased replicative space for HBV. 53 Changes in the host immune system following treatment and/or clearance of HCV may also contribute. 53 HBV reactivation is defined as greater than 2 log increase in level of HBV DNA compared to baseline level or new appearance of HBV DNA at a level greater than 100 IU/mL. 53 The European Association for the Study of the Liver recommends that if HBV reactivation is detected following treatment of HCV, nucleo(s)tide analog treatment should be initiated. 38 They also suggest that patients who are hepatitis B surface antigenpositive be treated prophylactically with nucleo(s)tide analog during and 12 weeks following DAA treatment. 42 Others suggest that HBV treatment be held until there are clinical signs of flare, with rise in alanine aminotransferase. 53 The latter strategy allows for any cases of transient HBV reactivation to clear spontaneously before exposing patients to the unpleasant side effects of more antiviral medications.
The rates of reactivation, seen in Table 4 , are extremely variable across studies, ranging from 2.2-100%. 50, 54, 33, 39, 47, 51, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] There appears to be agreement in some of the larger, more recent studies on DAAs in coinfection, [57] [58] [59] [60] with a trend toward lower rates of reactivation. Considering studies by treatment type, there is a higher pooled rate of reactivation with PegIFN-based regimens (48.8% vs. 8.1%). Even correcting for nonsustained HBV reactivation reported in some studies, the pooled rate of reactivation with PegIFN therapies was 35.6%. This finding is somewhat counterintuitive given that the DAAs were designed to act solely on HCV, while the PegIFN regimens have some activity on both viruses. This may support immunomodulatory effects of DAAs in addition to intended DAA effects. It is difficult to compare the rate of reactivation across studies due to significant variability in study design, region, sample size, and inclusion criteria.
In contrast, a meta-analysis by Chen et al. 67 determined the risk of reactivation to be similar between PegIFN versus DAA treatments (14.5% vs. 12.2%). 5 They also found that reactivation occurred earlier after treatment with DAAs and was more frequently clinically significant. 67 Kawagishi et al.
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compared the two therapies in a single retrospective study where six patients (7.1%) treated with a DAA had evidence of reactivation while no patients treated with PegIFN regimens reactivated. Although this seems like a stark contrast between the two therapies, the rate of reactivation for both therapies remained relatively low. This study did not report the HCV sustained virological response rate for each group individually. This would be important in weighing the risks and benefits of treatment. If DAAs had significantly higher sustained virological response compared to PegIFN, it may still be a better treatment option despite the increased risk of reactivation. To truly assess the difference in reactivation between the two treatment regimens, a head-to-head randomized control trial would be needed. In many studies, a significant rise in HBV replication did not always correlate with clinical signs of reactivation. In a retrospective review of Veterans Affairs records, eight of thirty coinfected veterans (26.6%) treated with DAAs showed HBV reactivated, as defined by increased in HBV DNA greater than 1000 IU/mL from pretreatment baseline. 51 Furthermore, six of the eight veterans with HBV reactivation showed clinical signs of HBV flare, defined as peak in alanine aminotransferase level. 51 A randomized trial of 139 coinfected patients found the same rate of reactivation at 26.6%. However, only three patients (2.2%) were reported to have symptoms of acute flare. 64 A smaller study conducted in New Zealand had a higher reported rate of reactivation at 87.5% following DAA treatment. However, none of these individuals had clinical HBV flares. 55 Unlike the studies mentioned above, many authors did not clearly differentiate clinical reactivation from serum elevations of HBV DNA.
Additionally, several studies reported an initial reactivation of HBV, which was nonsustained. For instance, Sato et al. 53 reported a 100% reactivation rate in two patients treated with sofosbuvir and simeprevir; however, in both cases, reactivation resolved spontaneously. Similarly, Yu et al. 46 reported a reactivation rate of 61.8% following treatment with PegIFN and ribavirin. However, reactivation was only sustained in 29.8% of cases. 46 Although, the first study was a case series with only two patients, the latter was a fairly large, welldesigned, multicenter, prospective study with 5-year follow up period. Both author groups highlight the phenomenon of transient reactivation, which may have important implications for management. While the reactivation, meaning active HBV replication, occurred transiently after treatment in some cases, there is no evidence of complete HBV clearance. After HCV sustained virological response is achieved, there is a persistent potential for HBV reactivation at any time.
The long-term clinical significance of HBV reactivation that is either transient or clinically silent is unclear. More investigation into the impact of transient and or subclinical reactivation is warranted to gauge the need for monitoring in these special cases.
The presence of HBV in serum may also play a role in post-treatment reactivation. The rate of reactivation was significantly lower in occult HBV infection compared to overt infection (8.1% vs. 37.5%) in a study of 45 coinfected individuals treated with DAAs. 50 This study showed an overall low rate of reactivation, at 2.2%. 50 Another large study of 848 patients showed that among a subgroup of hepatitis B surface antigen-negative/anti-hepatitis B core protein-positive patients, there were no cases of HBV reactivation after anti-HCV treatment. 68 In contrast, five out of nine patients with overt HBV infection developed reactivation. 68 While this study is impressive for its size, it is very difficult to interpret its data due to multiple treatment regimens including interferon-based, interferon-free, and some interferon-DAA combination regimens. The authors also categorized hepatitis B surface antigen-negative/antihepatitis B core protein-positive patients as "resolved HBV".
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However, without liver biopsy data, occult and resolved HBV cannot be distinguished.
HCV reactivation
There are some reports of HCV reactivation when HBV was treated first. However, this is seen much less commonly. HCV reactivation is defined as an increase in HCV RNA greater than 1 log IU/mL above baseline level. 3 Unlike HBV reactivation, it is usually clinically asymptomatic. HCV reactivation was seen in 12.5% of cases in a study of coinfected cirrhotic individuals treated with 18 months of nucleotide therapy. 69 Among this cohort, HBV clearance was achieved in 96% of patients. 65 This study was small with only 24 participants, and the authors did not clearly identify the dominant virus in each case prior to treatment. This may have some bearing on overall outcome as well as rate of HCV reactivation. Overall, since HCV is typically dominant and treated first, HCV reactivation is rarely seen.
Conclusions
Although HCV-HBV coinfection is somewhat rare, it has the potential to increase severity of liver disease and risk for complications, such as HCC. Treatment in coinfected patients is complex, due to interaction of the two viruses and potential for reactivation of either virus with antiviral therapy directed against only one of the viruses. It is important to be aware of potential for reactivation when treating HCV-HBV coinfection, especially as DAAs are becoming more widely available. Screening for HBV should be done prior to initiation of HCV therapy. Additionally, frequent monitoring for HBV DNA replication during treatment is required in coinfected individuals. Overall data in coinfected children is limited, as are the treatment options in the pediatric population. As such, the challenges in treated coinfection among children are slightly different than in adults.
